The growth of single layer graphene nanometer size domains by solid carbon source molecular beam epitaxy on hexagonal boron nitride (h-BN) flakes is demonstrated. Formation of single-layer graphene is clearly apparent in Raman spectra which display sharp optical phonon bands. Atomic-force microscope images and Raman maps reveal that the graphene grown depends on the surface morphology of the h-BN substrates. The growth is governed by the high mobility of the carbon atoms on the h-BN surface, in a manner that is consistent with van der Waals epitaxy. The successful growth of graphene layers depends on the substrate temperature, but is independent of the incident flux of carbon atoms. Studies of atomic layers of graphene attract enormous interest for their impact in fundamental science and for their potential to revolutionize applications in diverse areas such as electronics and optoelectronics [1, 2] . Much of the exciting research has been reported on high quality graphene obtained by micromechanical exfoliation of graphite. Advances in fundamental and applied research and technology would be greatly enhanced by implementation of scalable fabrication methods. While chemical vapor deposition (CVD) creates the potential for production of large area graphene layers [3, 4] , device performance of CVD grown films remains low with mobilities as much as 10 times smaller than that measured in exfoliated devices. A promising alternative is the growth of graphene by molecular beam epitaxy (MBE). MBE growth of graphene on substrates patterned at the nanoscale, to give an example, could lead to fabrication of nanostructures with controlled doping and energy gaps [5, 6, 7, 8] . The remarkable potential of MBE grown graphene has resulted in numerous challenging developments [9, 10, 11, 12, 13] .
Studies of atomic layers of graphene attract enormous interest for their impact in fundamental science and for their potential to revolutionize applications in diverse areas such as electronics and optoelectronics [1, 2] . Much of the exciting research has been reported on high quality graphene obtained by micromechanical exfoliation of graphite. Advances in fundamental and applied research and technology would be greatly enhanced by implementation of scalable fabrication methods. While chemical vapor deposition (CVD) creates the potential for production of large area graphene layers [3, 4] , device performance of CVD grown films remains low with mobilities as much as 10 times smaller than that measured in exfoliated devices. A promising alternative is the growth of graphene by molecular beam epitaxy (MBE). MBE growth of graphene on substrates patterned at the nanoscale, to give an example, could lead to fabrication of nanostructures with controlled doping and energy gaps [5, 6, 7, 8] . The remarkable potential of MBE grown graphene has resulted in numerous challenging developments [9, 10, 11, 12, 13] .
Single crystal hexagonal boron nitride (h-BN) has been proposed as an ideal substrate for epitaxial growth of graphene by MBE [14, 15] . The hexagonal lattice structure yields an atomically flat surface with lattice constant close to that of graphene (less than 2% mismatch). h-BN is also an inert large-band-gap insulator that can withstand very high temperatures. Further, it has been recently demonstrated that h-BN is an ideal substrate for electrical transport devices fabricated from exfoliated graphene flakes [16, 17, 18] .
In this letter we report the MBE growth of single layer graphene on single crystal h-BN flakes. Characterization of the MBE grown graphene layers by Raman-scattering spectroscopy and atomic-force microscope (AFM) imaging indicate that the graphene layers consist of nanoscale domains. The non-uniformity of the growth suggests that the individual characteristics of the h-BN flakes, such as surface morphology, may play a significant role. The maximum substrate temperature that can be reached before the SiO 2 substrate decomposes is a key parameter limiting the growth conditions in this work. The quality of the layers depends critically on the substrate temperature during growth. The best results are obtained at growth temperature of T G =930°C, where Raman characterization reveals optical phonon spectra that are very similar to graphene nanoribbons (GNRs) fabricated from etched exfoliated pristine graphene [19, 20] . These results demonstrate the great potential of graphene MBE in studies of the remarkable physics and materials science of these atomic layers.
We find that the growth is independent of the flux of carbon atoms. This is a characteristic feature of graphene MBE growth on h-BN which is attributed to the high mobility of the carbon atoms on the h-BN surface. This is a key property which ultimately dictates the characteristics of carbon MBE growth on h-BN, and which determines the character of graphene nanodomains on h-BN. This finding of high carbon atom mobility is believed to be a consequence of the weak van der Waals interaction between the carbon atoms and the h-BN substrate surface. Our results thus indicate that MBE growth of graphene on h-BN is a form of van der Waals epitaxy [21] .
The graphene layers are grown in a MBE ultra-high vacuum chamber of custom design and construction that is equipped with a solid carbon source in close proximity to the substrate [13, 22, 23] . The inset to Fig. 1 is a fit to a cosine square law [13, 22, 23] . This geometry provides a large gradient in the carbon flux Φ Ν (d).
H-BN flakes, obtained by mechanical exfoliation, are deposited on a 300nm thick layer of SiO 2 on Si. The h-BN flakes have a large variation in lateral size (from 10 to 150 μm), thickness and shape. The flakes examined in this study show a dark-blue color when visualized in an optical microscope under white light illumination. AFM measurements indicate that thickness of these h-BN flakes is 10-15 nm. Prior to growth, the samples are degassed in situ for 5 minutes at 380°C. The growth time is 40.6 minutes, corresponding to 5 nm of carbon at d=0. The substrate temperature during growth, T G , can be adjusted with a heater on the back of the sample. T G was varied between 600°C and 930°C, with the upper value of T G limited by the decomposition temperature of SiO 2 .
Raman spectra are obtained with a Renishaw in-via Micro-Raman instrument, that is equipped with a movable x-y-z stage and a 532 nm laser for excitation of the spectra. The laser is focused to a spot of 0.5 µm diameter at a power of less than 3 mW. The spectra display the optical phonon Raman bands of graphene layers and h-BN. They overlap a broad photoluminescence background, which appears after in situ degassing the h-BN flakes. In all the Raman measurements shown here, the background is subtracted by means of a polynomical function, and the spectra are normalized to the integrated intensity of the silicon phonon bands.
Raman characterization of the graphene MBE growth are acquired as a function of carbon flux by taking advantage of the growth geometry shown in Fig. 1 . Surprisingly, we find no significant dependence of the peaks of the Raman spectra on Φ Ν (d). This is a striking result that can be understood as a manifestation of the high mobility of the carbon atoms on the h-BN surface. We present below AFM images that are consistent with this interpretation.
Figures 2 (a) and 2(b) show Raman spectra from MBE growth at T G =860°C. Figure 2(a) is from the region labeled A in the inset to Fig. 2(a) . The spectrum in Fig. 2(b) is from the region labeled B in the same inset to Fig. 2(a) . The much broader Raman bands in the spectrum shown in Fig. 2(b) and the absence of Raman bands characteristic of single layer graphene indicate that carbon MBE deposition here yields much lower quality graphitic layers. [24, 25] . Samples grown at lower temperatures (T G =600°C, 750°C, and 850°C) show Raman spectra that are similar to those of area B, which do not show a clear signature of single layer graphene.
The spectrum in Fig. 2(a) , arising from region A, has a doublet at about 1350 cm -1 which is the superposition of the Raman D band of graphene (defect activated) and the sharper TO phonon band of h-BN [26] .The doublet at about 1600 cm -1 is from the superposition of the G and D' modes of single layer graphene [27, 28] . The G band is a long wavelength optical phonon and the D' is the critical point in the optical phonon dispersion which is due to relaxation of wave-vector conservation rules induced by defects [27, 28] . The 2D band at about 2680 cm -1 (a.k.a. G') is from second-order Raman scattering by two optical phonons [27, 28] . At even higher energy shifts the spectrum reveals three distinct second-order Raman bands [27, 29] . All the bands shown in Fig. 2(a) have been fitted with Lorentzian line shape functions. Their frequencies and FWHMs are listed in Table 1 , where these values are compared with those reported for 30 nm GNRs [20] .
While the presence of intense Raman D bands is normally linked to defects, the D band in Fig. 2(a) exhibits a striking similarity to those reported in GNRs obtained by patterning and etching mechanically exfoliated single layer graphene. In GNRs the large intensities and characteristic sharpness of the D Raman band is attributed to an increase in the fraction of edge carbons that act as defects [19, 20] . The similarity of the Raman D bands in MBE graphene and GNRs thus indicates that the graphene layers in MBE growth consist of domains with nanoscale dimensions exhibiting a large fraction of edge carbons. Table I ) are characteristic of narrow GNRs of widths in the range 30 -50 nm [19, 20] . This comparison suggests that the growth in region A consists of nanoscale domains of single-layer graphene
The number of graphene layers can be determined from the lineshape analysis of the second-order 2D band. The 2D peak shown in Fig. 2(a) is well fit by a single Lorentzian with a FWHM of 53cm -1 , which is comparable to the FWHM of the 2D band measured in single layer GNRs [19, 20] . In Fig. 2(a) the integrated intensity peak ratio I(2D)/I(G) is approximately two. A ratio I(2D)/I(G) larger than one is commonly interpreted as a signature of single layer graphene [27, 28, 30] . While exchange of charge between the grown graphene layers with the h-BN substrate may strongly influence the I(2D)/I(G) ratio [31] , the marked similarities in Raman spectra with those from single layer GNR are regarded as evidence of the growth of single-layer graphene nanodomains. Figures 3(a) -3(c) are micro Raman maps of the flake in the inset to Fig. 2. Figures 3(d) and (e) are AFM images. Figure 3(a) shows the spatial variation of I(2D). The bright area in the map reveals region A as a micrometer-scale area characterized by a I(2D)/I(G) ratio that is larger than 2, as shown in Fig. 3(b) . Figure 3 The black square in Fig. 3 (d) highlights a segment of region A of area 1.5x1.5 μm
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. This area is presented at much greater magnification in Fig. 3(e) . The image in Fig. 3 (e) reveals a highly non-uniform growth that consists of nanoscale domains. Height profiles constructed from these AFM data reveal that some of the domains have a layer thickness that is expected for single-layer graphene (about 0.33 nm). We surmise that these are the single-layer graphene domains that contribute to Raman spectra such as those in Fig. 2(a) .
In the AFM images it is clearly visible that some areas of the h-BN flake do not show deposited carbon. These depleted regions are the ones with absence of graphene Raman signatures in Figs. 3(a) -3(c) . Further, the image in Fig. 3(d) reveals that large amounts of carbon accumulate on some of the flat terraces and particularly on the edges of the flake. These findings are interpreted as a manifestation of the high mobility of the carbon atoms on the h-BN surface. This large carbon mobility, which manifests as the lack of dependence of the Raman peaks on Φ Ν (d), results in migration and nucleation of the carbon at surface steps and edges.
In summary, we have demonstrated the MBE growth of graphene nanometer size domains on h-BN single crystal flakes -acting as substrates. The Raman signatures from these single-layer graphene domains are similar to those from graphene nanoribbons fabricated from mechanically exfoliated graphene. AFM measurements show monolayer graphene steps and non-uniform coverage of the grown graphene. We observe negligible dependence of the Raman peaks on carbon flux which we attribute to the high mobility of the carbon atoms on the h-BN. These results open up the possibility of controlled growth of graphene by MBE on h-BN. Fig. 2(a) . The right panel is for 30 nm GNR (after Ref. [20] ). Table 1 Graphene on h-BN: Region A 30nm GNR (after Ref. 
